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HIGHLIGHTS GRAPHICAL ABSTRACT

» A method for quantifying global vulnera-
bility in built heritage is proposed.

The method links the disturbances pres-
ent, the factors involved and vulnerabil-

ity.

» Constructive, intrinsic material, natural N
and environmental factors are considered. ‘(\T

+ Several indices are obtained and repre- 5
sented in graphical and intuitive dia- E
grams. z

This proposal allows for comparisons of
different buildings and environments.
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ARTICLE INFO ABSTRACT

Editor: Philip K. Hopke The conservation of constructions, and especially of built heritage, requires complex studies concerning their Global
Vulnerability. These studies have to consider the current state of the building, i.e. the degradation degree, and the

Keywords: factors that mostly affect the building and, therefore, generate alterations. These factors are not limited to the structure

Diagram AFV

of the building, location and environmental factors are also involved. Hence, the assessment of built heritage vulner-

e{]tﬁ::;:;ty ability should consider the building itself and also be extended to the site and the environment. This work presents a

Constructions systematic and reproducible methodology for the quantification of the Global Vulnerability in different typologies of

Cultural heritage constructions and environments. The proposed methodology establishes a relationship between the existing alter-
ations (A) and the main factors (F) that affect vulnerability (V) by means of an AFV (Alteration/Factor/Vulnerability)
diagram. Based on these results alteration and vulnerability indices are calculated. The obtained AFV diagram allows
the comparison between different constructions or separate areas within the same construction. This methodology was
validated in two early twentieth-century constructions that form part of the reinforced concrete architectural heritage
of the Basque Country: the Punta Begoiia Galleries (Getxo, Spain) and the Aqueduct of the Araxes paper mill (Tolosa,
Spain).

1. Introduction and objectives construction factors, factors intrinsic to the building materials themselves

and natural and environmental factors (Esbert et al., 1997; Alonso et al.,

A diagnosis of the state of built cultural heritage is a very delicate task 2006; Mateos Redondo, 2012; Moropoulou et al., 2013). These three
(Fais et al., 2018), and requires an anamnesis of different aspects, including groups of factors are the triggers of the alterations observed in constructions
(International Council on Monuments and Sites (ICOMOS, 2010); Laborde
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alterations and factors. The assessment of the degree of Global Vulnerabil-
ity of the built heritage is essential in order to subsequently determine the
best specific sequence of observation (monitoring) and analysis for each
case studied.

Numerous works have been published characterising the vulnerabil-
ity of constructions in specific cases, many of them are based on vulner-
ability matrices, using specific factors that depend on different
approaches (Galan and Aparicio, 2013; Ortiz and Ortiz, 2016a, 2016b;
Gandini et al., 2018). Previous studies of vulnerability in architectural
heritage, still in use today, focus on the weathering processes of build-
ing materials (Pope et al., 2002; Hatir, 2020). There are also numerous
studies assessing vulnerability to natural hazards (Alvarez et al., 2017;
Fakhruddin et al., 2019; Prasetyo et al., 2020), such as earthquakes
(Formisano and Marzo, 2017; Fotopoulou and Pitilakis, 2017;
Quagliarini et al., 2019) and landslides (Papathoma-Kohle et al., 2017;
Bera et al., 2020; D'Ayala et al., 2020). Other studies focus on specific
factors such as coastal processes (Reeder-Myers, 2015; Mattei et al.,
2019; Rodriguez-Rosales et al., 2021). Some studies reflect the need to
assess the interactions between different factors, constructive and natu-
ral factors, and consequent damages. Thus, the classification established
in the European Macroseismic Scale 1998 (European Center for
Geodynamics and Seismology, 1998) considers the type of materials in
a building, their structural execution and earthquakes. Valuzzi et al.
(2020) and Borri et al. (2020) addressed the correlation between alter-
ations and vulnerability, and included the assessment of the artistic
assets in the structure of the buildings. The studies related to climate
change impact on built heritage are also a good example of this type
of interplay analysis, as they assess the interaction between different
variables (Daly, 2014; Sesana et al., 2018; Day et al., 2020; Edmonds
et al., 2020; Fatori¢ and Biesbroek, 2020; Prieto et al., 2020;
Bienvenido-Huertas et al., 2021; Bonazza et al., 2021; Cacciotti et al.,
2021).

The specific nature of such studies of the vulnerability of architectural
heritage makes them difficult to reproduce and does not enable establishing
real comparisons of Global Vulnerability between different buildings. For
that reason, it is necessary to provide a common methodology for a first
vulnerability assessment that will establish the baseline to conduct a more
specific assessment at later stages. To quantify the Global Vulnerability of
heritage buildings, it is necessary to develop a transdisciplinary study that
involves and establishes a connection between the structure and the build-
ing materials, its state of conservation, its location and the environment in
which it is located (ICOMOS, 2014; Damas Molla et al., 2019). This study
should include architectural, artistic, geological, chemical, biological or
environmental data, among others.

The main purpose of this study is therefore to establish and validate
a systematic methodology for the quantification of Global Vulnerability
in cultural built heritage. This methodology allows the comparison
of Global Vulnerability of buildings in the same environment that
are made with different materials, or that have different uses (civil engi-
neering or residential) and also a comparison of the same type of build-
ings located in very different environments. In addition, this
methodology makes it possible to establish a link between the actual
state of the buildings and the processes that cause damage to them, so
that the ageing of the studied types of buildings in particular locations
could be forecast.

Constructions of recent architecture form part of the general cultural
heritage, and as such should serve the same aims, and be subject to the
same principles of conservation and enhancement as those established for
architectural heritage more widely (ICOMOS, 2014). In 1991, the Council
of Europe, wishing to set out guidelines for identifying significant elements
of construction, studying them and establishing appropriate measures
of conservation, published its “Recommendation No. R (91)13 on the
Protection of the Twentieth Century Architectural Heritage”. Therefore,
in order to validate this methodology, we have applied it to two early twen-
tieth century constructions that form part of the reinforced concrete archi-
tectural heritage of the Basque Country.
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2. Methodology: alteration/factors/vulnerability diagram (AFV
diagram)

The proposed methodology is based on a diagram that relates the
Alterations (A) affecting each construction to the main Factors influencing
its degradation (F). These are used to quantify its global Vulnerability (V).
Using this methodology, it is also possible to compare different construc-
tions, or separate areas within the same building.

There are four main steps involved in creating the diagram (Fig. 1):
1) Alteration (A): at this stage, all alterations are characterised and
differentiated according to the five main categories (A, B, C, D and
E) established in the alteration matrix of Damas Molla et al. (2018).
A visual estimation is also made of the degree of alteration, based
on the percentage of the area of the structure of the construction
affected (ASA, Area of Structure Affected) by the alteration. Finally,
5 Alteration Indices are calculated, one for each type of main alteration.
The quantification of the Alteration Indices is new to this work; 2) Factor
(F): in this second stage, we weight the factors involved in causing
alterations to the constructions and that actively condition their
vulnerability. These are grouped into three main types: construction
factors (¢), directly related to the construction and its emplacement;
factors intrinsic to the materials (y;), related both to the construction
and to the environment; and natural and environmental factors (),
related to the emplacement and environment. The methodology
proposed in this work assigns a series of numerical values to the
different factors, based on certain established cases (Table I); 3) Vulner-
ability (V): in this stage, vulnerability indexes (FVI) are calculated based
on the main factors involved (Construction Factor Vulnerability Index:
FcVI; Material Factor Vulnerability Index: FyVI; and Natural Factor
Vulnerability Index: FyVI) using the data obtained in the previous
stage, exported to the vulnerability matrix proposed in this work.
These FVIs are also used to calculate the Global Vulnerability Index
(VgD). 4) The results obtained in each of the steps above are represented
in the Alteration/Factor/Vulnerability (AFV) Diagram, which consists
of three distinct graphs — a pentagon (A) and two block-diagrams
(F and V).

2.1. Alterations to a building: forms of deterioration

The study of alterations proposed in this work is performed using the
alteration matrix of Damas Molla et al. (2018), which is based on the
definitions and criteria determined by ICOMOS (2010). In this matrix,
an alphanumeric classification is made of the alterations in the construc-
tions, which are initially subdivided into five main categories. Each of
these categories is represented by a specific colour: Type A alterations
(red): cracks and deformations; Type B alterations (blue): mechanical
damage and detachment; Type C alterations (green): chromatic alter-
ation; Type D alterations (orange): deposits; type E alterations (purple):
bioalterations. These main categories are divided into sub-categories,
which are sequentially coded with numbers and letters. This matrix
allows for greater agility when collecting field data. This methodology
includes a new indicator — the alteration index — quantified from the
degree of alteration obtained for each main category of alteration.
This degree is calculated by the proportion of the Area of the Structure
of the construction Affected by the alteration (ASA) expressed in %.
The degree of alterations is expressed by a five-circle symbology.
The number of black circles is established according to the following
ratio:

OOO00: no ASA; @ OO00: < 10 % ASA; @@0OOO: 10 % to 25 % of
ASA; @@@OO: 25 % to 50 % of ASA; @@@@O: 50 % to 75 % of ASA;
00000: all ASA.

Five alteration indexes have been defined, one for each type of alteration:
Al for Type A alterations; BI for Type B alterations; CI for Type C alterations;
DI for Type D alterations; and EI for Type E alterations (Fig. 1). The alteration
indexes are calculated using formula (1), by dividing the total degree for each
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Fig. 1. Diagram of the methodology for preparing the Alteration/Factor/Vulnerability (AFV) Diagram (A, B, C, D, E: Types of alteration, as per Damas Moll4 et al., 2018).

type of main alteration (sum of the scores, black circles) by the record of alter-
ations of that type (n,) in the construction.

total degree(A orBorCorDorE)

Mait(A or B or C or D or E)

1)

Alteration o B or ¢ or D or yINdeX = Z

For example, 3 records of type B alterations have been registered in a
construction and a degree of 1 score has been obtained for the first one, 3
for the second one and 3 for the third one. The BI, obtained in this case, is
2.33 and has been obtained by dividing the sum of the scores (7) by the
sum of the records of that alteration (3). Thus, each alteration index has a
maximum score of 5. It can thus be represented in the radii of the pentagon
in the AFV diagram (Fig. 1). Each index is marked in the colour correspond-
ing to the type of alteration, using the criteria previously established. All
points are plotted to obtain a geometric figure inside the pentagon. There
are three ranges of alteration incidence, depending on the index score: < 1
low; 1 < moderate <3; and > 3 high. In this way, a graph can be produced
showing which type(s) of alteration affect the construction most intensely.

2.2. Factors of vulnerability

The referenced factors involved in the vulnerability of and alterations in
the built heritage can be divided into three main groups (Fig. 1):
I) Construction Factors; II) Factors Intrinsic to the Construction Materials;
and III) Natural and Environmental Factors (Esbert et al., 1997; Alonso
et al., 2006; Mateos Redondo, 2012). These principal groups of factors
may be divided into sub-factors which, in turn, contain several different
categories, all of which are shown in Table I. These sub-factors have mostly

been selected from previous work on building vulnerability assessment
(Galan and Aparicio, 2013; Ortiz and Ortiz, 2016a).

To weight the value of each category, Table I establishes four possible
cases for each one, scored from 0 to 3. Details of the procedure for the
first category are given below. The same procedure will be followed for
all the other categories. Construction factors have been divided into five
sub-factors which are in turn subdivided into a total of fifteen categories
(Table I). For the first sub-factor (execution factors) the first category is
“structure and execution”. Four possible cases have been defined for this
category, ranging from “correct execution according to plan”, weighted as
0, to “serious mistakes in execution” weighted as 3. To evaluate this
category, we identify the case that best matches the construction under
study. Previous studies listing these factors as being involved in building
vulnerability include Alonso et al. (2006); Broto (2006); Pope et al.
(2002); Galan and Aparicio (2013); Macias-Bernal et al. (2014); Ortiz and
Ortiz (2016a); Papathoma-Kohle et al. (2017); Gandini et al. (2018);
D'Ayala et al. (2020); Borri et al. (2020); Prieto et al. (2020); Valuzzi
etal. (2020). The orientation factor has been included because it is common
that the different orientations of the facades of buildings present different
alteration processes caused by the differential incidence of other factors
on them, for example, the wind. The scales for elevation above sea level
and the height ranges are based on the Spanish Technical Building Code
(Cédigo Técnico de la Edificacién, CTE) of the Spanish Ministry of Public
Works (CTE, 2022). This document defines several climatic zones accord-
ing to the altitude above sea level and also sets the height limit for buildings
according to wind zones. The different angles of the rainfall inclination
have been selected from Broto (2006). Finally, maintenance refers to the
total construction.
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In the case of the factors intrinsic to the materials, four sub-factors are
considered, divided into fourteen categories (Table I). Previous studies
establishing the involvement of these factors in the vulnerability of
constructions include Alonso et al. (1998); European Center for
Geodynamics and Seismology (1998); Alonso et al. (2006); Galan and
Aparicio (2013); Ortiz and Ortiz (2016a); Papathoma-Kohle et al. (2017);
Prieto et al. (2020). The compressive strength ranges have been adapted
to those defined by CTE (2022). For quick calculation in constructions,
measurements can be carried out using the Schmidt hammer. The
estimation of the categories of hardness, thermal expansion and water
modifications depends on the type of construction material. In terms of
hardness, it is necessary to establish whether it is abrasion or scratching,
among others. For example, among natural stones quartzite is the most
resistant to abrasion and scratching as quartz is the main mineral

Table I
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(Sanchez-Delgado et al., 2016). As regards thermal changes, each material
has a characteristic coefficient of thermal expansion (o). For example,
while o varies between 8 and 12107 ° °C™! for concrete (ASM
International, 2002), that of oak is 54%10° °C™?, this variability among
materials makes it necessary to estimate values qualitatively. The same
applies in the case of changes due to water, depending on the material, it
is necessary to differentiate between absorption and desorption and to
take into account aspects such as capillarity. For these studies, the use of
Thermographic cameras and hygrometers is appropriate, as they are non-
destructive techniques (NDT).

Natural and environmental factors are listed in Table I. These are
divided into five sub-factors, with fifteen categories. Previous studies listing
these factors as being involved in the vulnerability of constructions include:
Galan and Aparicio (2013); Ortiz and Ortiz (2016a); Papathoma-Kohle

Construction factors, factors intrinsic to materials and environmental and natural factors (sub-factors and

categories) affecting the vulnerability of constructions: cases and values.

SUBFACTORS CATEGORIES CASES VALUE
Serious mistakes in execution 3
Poor execution 2
Structure c - -
orrect execution, some divergence from plans 1
Correct execution according to plan 0
Deficient foundation/roofing with progressive 3
deterioration/third-party hazard
Foundations/ Foundation/roofing at risk of progressive 2
Roofs deterioration with no third-party hazard
Execution Foundation/roofing with occasional deficiencies 1
factors Proper and suitable foundation/roofing 0
In general, loads are in excess of tolerated amounts 3
Load Some loads are greater than tolerated 2
oa Some major loads in accordance with structure 1
Loads in accordance with structure 0
Heavily modified building 3
Modifications < ldentiﬂab.le modiﬂgatior{S 2
ome occasional modifications 1
No modifications 0
Contains abundant artistic goods connected to 3
structural elements
Contains some artistic goods connected to structural 2
Artistic value elements
Contains artistic goods separate from structural 1
elements
Does not contain associated artistic goods 0
Abundant ornaments and projections 3
‘é Numerous ornaments 2
=} Ornamentation Some ornaments 1
B Minimalist style with straight lines and no 0
: ornaments
§ ArCl;lttel(;tural > 10 different materials 3
4 y . 6-10 types of material 2
9 Materials 4-5 types of material 1
= 2-3 types of material 0
= Hard] K 3
=) ardly any worl
[~ Poorly worked in small blocks 2
g Carving Worked in small blocks or plaques 1
Z Elaborately worked in large geometric blocks or 0
=] plagues
o Differential between materials 3
. Irregular 2
Finishes Polished 1
Levelling with mechanical methods (coping) 0
Curved exterior with numerous orientations 3
Ori . Different perpendicular orientations 2
rientation Different facing orientations 1
Same orientation 0
More than 600 meters abobe sea level (masl) 3
El . 400 - 600 masl 2
evation 200 - 400 mas| 1
Exposure 0 -200 masl 0
factors =100 m 3
Building Height 41-99m 2
(m) 16 —40 m 1
<15m 0
20° — 0° inclination 3
Rain inclinati 40° — 20° inclination 2
ain inclination 75° — 40 inclination 1
90° — 75° inclination 0
Free public use 3
Controlled public use 2
Uses Private use with regular influx of public 1
gular influx of public
Usage factors Private use 0
Current situation T Abandoned 2
OW maintenance 2
Moderate mai 1ce 1
Good mai e 0
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SUBFACTORS CATEGORIES

CASES VALUES

Highly alterable

Binder/Matrix/Cement

Alterable

in natural rocks

Low alterability

Very stable against alteration

Open and alterable fabric

Non-alterable open fabric

Textural factors Fabric

Alterable closed fabric

Closed, non-alterable fabric

Abundant connected porosity

Low connected porosity

Porosity

Abundant porosity no connected

Low porosity no connected

Highly alterable and varied minerals

Alterable mineralogy with little variation

Mineralogy

Varied mineralogy with little alteration

Stable mineralogy with little variation

Composition

Abundant chemistry prone to weathering

factors .
Artificial

R(w|o[=|Nw|ol—|fw|ol—|N|w|o|—|fuw

Little chemistry prone to weathering

component

Abundant chemical elements not prone to
weathering

No additives prone to weathering

Varied and easily modifiable

Monochromatic and easily modifiable

Colour

Varied and no modifiable

Monochromatic with low variation

Weak (< 5 MPa)

Medium strong (5-50 MPa)

Compressive Strength

Strong (50-100 MPa)

Very strong (>100 MPa)

Medium

Physical

Low

. Hardness
Properties

High

Very high

High

Medium

Thermal changes

Low

Very low

Very high

High

Water modifications

Medium

FACTORS INTRINSIC TO THE MATERIALS

Low

Mixed execution

Irregular mansory

Structural execution

Regular mansory or brick

Continuous (Reinforced Concrete)

Incompatible materials

Relationship between

Materials with some incompatibility

different materials

Compatible materials

Highly suitable materials

In pronounced projections, ornamental areas

Position in the

In very exposed areas

factor
Usage factors structure

In relatively exposed areas

In protected areas

Poorly executed

Execution of artificial

Deficient execution

materials

Executed with some deficienc

Well executed

Very low maintenance

Low maintenance

Maintenance

Correct maintenance

ol=[p|wol—[vwlo|~ v v o|—[v|wo|=N|w o|—[v|w|o|—|p v o|—=v|wlo|—[v|w o|—[n|w| o

Very good maintenance

et al. (2017); Fakhruddin et al. (2019); Mattei et al. (2019); Prasetyo et al.
(2020); Prieto et al. (2020). Data concerning internal geological factors,
volcanoes and earthquakes, should be taken from official data in each coun-
try or region, for example, in Spain the National Geographical Institute data
are used (IGN, 2022). The values applied to the surface water factor are
those established for the flood return period as defined in the Basque
Water Agency (URA) of the Basque Government for the Basque Country
(URA, 2022). The fire factor considered is the environmental factor and,
for its quantification, the information provided by each country or region
must be accessed. In this case, the forest fire meteorological index of the
Basque Country (Euskalmet, 2022) is used because it is the one that best re-
flects the characteristics of the sites of the buildings selected for the valida-
tion of this methodology. The meteorological data ranges applied have
been selected from the data established in the Basque Meteorological
Agency (Euskalmet, 2022) because it is the most suitable for the examples
used for the validation of the methodology proposed in this paper. The
wind value is an exception because the established data of 17 m/s is
based on the Beafourt Scale of wind typologies. Finally, anthropogenic
biological category refers mainly to vandalism.

2.3. Vulnerability

The vulnerability is calculated using indexes obtained by means of
vulnerability matrices, as defined by Galan and Aparicio (2013) and
Ortiz and Ortiz (2016a). In this case, a vulnerability matrix has been de-
signed (Fig. 2), taking into account the three groups of factors described
in the previous section. In this matrix the scores obtained in each cate-
gory from the cases established in Table I are noted. The sum of the
values gives the vulnerability indices for each group of factors (FcVI:
Vulnerability Index for Construction Factors; FyVI: Vulnerability
Index for Factors Intrinsic to the Materials; FyVI: Vulnerability Index
for Natural and Environmental Factors), where the maximum Vulnera-
bility Index for the factors (F(c, m or N max)VD) is 45 (if all categories
scored the maximum of 3 in the factor table).

To represent this in the AFV diagram (Fig. 1) we use a block diagram,
divided into three columns, each corresponding to one of the FVIs.
Vertically, each column is divided from O to 45 and filled using the hatching
pattern corresponding to the FVI (bricks, oblique parallel lines and dots). In
addition, three intensity ranges are also considered (0-14: low intensity;
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SUBFACTORS CATEGORIES CASES VALUES
Residual soil 3
. Heavily weathered rock 2
Geological Substrate Somewhat weathered rock 1
Factors Rock in sound condition or low degree of 0
weathering
High risk 3
Internal Risks Moderate risk 2
(volcanoes, Low risk 1
earthquakes) No risk 0
Permanently impacted by piezometric level 3
Underground \\//ari.able pi.e%ometri'c level, wjth systelrnatic .impact 2
ariable piezometric level with occasional impact 1
No impact from piezometric level 0
Return period 1 year 3
. 10- t iod 2
Water bodies Surface 100?’;:;:;&‘?;;’0 "l .
Out of reach of watercourse/water body 0
Littoral environment on coastline 3
Sea Littoral environment not on coastline 2
2] Transition environment: littoral/inland 1
&
o Inland non-coastal environment 0
= Industrialised urban area 3
1S} . Urban area 2
< Pollution
= Rural area 1
- Wilderness area 0
ﬁ High risk zone 3
z Fire Medium risk zone 2
= Low risk zone 1
= Area with low-risk probability 0
% High daily variability 3
& Temperatur High seasonal variability 2
; emperature Moderate seasonal variability 1
Z Unvarying climate 0
= Many days with heavy rains (> 30 mm/day) 3
% throughout the year
< Precipitation Some days with heavy rains (> 30 mm/day) 5
throughout the year
-
é Moderate rains (<30 mm/day) throughout the year 1
Low rains (< 250 mm/year) 0
E Meteorological > 17 m/s and perpendicular to the structure 3
< factors Wind > 17 m/s and parallel to the structure 2
z < 17 m/s and perpendicular to the structure 1
< 17 m/s and parallel to the structure 0
Environment with annual humidity >91% 3
Humidit Environment with annual humidity of 51-90% 2
u y Environment with annual humidity of 30-50% 1
Dry environment 0
Direct exposure to sunlight > 6 hours/day 3
. Direct exposure to sunlight < 6 hours/day 2
Sunlight Oblique impact of sunlight 1
No direct sunlight 0
Non-recoverable damage 3
. Severe but recoverable damage 2
Anthrop]c damage Little damage, recoverable 1
No damage 0
Macro-organisms colonising the structure 3
Biological . Macro-organisms in certain areas 2
Macro—orgamsms Isolated B
factors solated macro-organisms 1
No macro-organisms surveyed 0
Varied and abundant microorganisms 3
. . Varied and occasional microorganisms 2
Micro-organisms Unique and abundant microorganisms 1
Unique and occasional microorganisms 0

15-30: moderate intensity; 31-45: high intensity). By using this form of
representation, it is possible to assess the vulnerability of the construction
under study based on the factors described above and thus to determine
which factor is most relevant to its vulnerability.

The Global Vulnerability Index (V) is calculated by considering the
sum of the factor indexes as a percentage of maximum possible total vulner-
ability, in accordance with Formula (2).

FgVI+ Fy VI + FyVI "

Vgl =
Z l:"(C,M or N max)VI

100 (2)

FoVI + Fy VI + FyVI
VGI:WXIOO

Like the FVI, the VI (%) is represented by a block diagram (Fig. 1), in
which different ranges of vulnerability are defined (VI < 10 %: very low;

10 < Vgl < 25 %: low; 25 < VgI < 50 %: moderate; 50 < Vgl < 75 %:
high; 75 < VgI: very high), equivalent to those described by Galan and
Aparicio (2013).

3. Case studies

To validate this methodology, we studied two constructions of early
twentieth century reinforced concrete architectural heritage in the Basque
Country (Northern Spain) (Fig. 3a): the Punta Begofia Galleries (Fig. 3b)
and the Araxes Paper Mill Aqueduct (Fig. 3c). Throughout the description
of the main aspects of both constructions and their comparison, the
corresponding factors defined in Table I and their scores are schematically
included [in square brackets].

3.1. Punta Begoria Galleries (Getxo, Spain)

The Punta Begoiia Galleries (Fig. 3 b2) [Ricardo Bastida, 1918] are
situated in the municipal area of Getxo (Spain), in a strategic location
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CONSTRUCTION FACTORS MATERIAL FACTORS ENVIRONMENTAL FACTORS
CATEGORY NWG MAPMA CATEGORY NWG MAPMA CATEGORY NWG MAPMA
S v Structure 1 1 1 'S 5 | Binder/Matrix/Cement 2 2 2 |58 Substrate 0 0 0
5 § Foundations/Roofs 1 3 2 g ‘g Fabric 0 0 o |8 Volcanoes/Earthquakes 0 0 0
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Fig. 2. Vulnerability matrix applied to the two fagades of the Punta Begofia Galleries (NWG: Northwest Gallery; SWG: Southwest Gallery) and the Araxes Paper Mil Aqueduct
(APMA) (FVI: Vulnerability index according to the different factors; VgI: Global Vulnerability Index).

overlooking the Cantabrian Sea at the mouth of the Nervion Estuary (Ria de
Bilbao) [Constructive Factor; Elevation: 0; Environmental Factor; Sea: 3].
Although originally designed to fulfil the need for a retaining wall on the
cliff below the Etxebarrieta family mansion [Constructive Factor; Usage fac-
tor: 1], they became emblematic of their owner's distinction and power
(Damas Moll4 et al., 2018). In 2001, after years of abandonment [Construc-
tion Factor, Current situation: 2, because a recovery project is underway
and work has started] [Material Factor; Maintenance: 3], the Punta Begoifia
Galleries were catalogued as a Monumental Complex and special area of
Getxo, with special qualification (Gobierno Vasco, 2001).

The exterior morphology adapts to the coastline [Material Factor;
Position in the structure: 2], with two main facades running perpendicular
to one another: the northwest gallery (NWG), with a winding morphology
[Constructive Factor; Guidance: 3] and a height of 22 m [Constructive
Factor; Built Height: 1]; and the southwest gallery (SWG), divided into
two straight sections and one curved section [Constructive Factor;
Guidance: 3, 2] (Fig. 3 b2). Vertically the two facades are divided into
three main sections (Fig. 3 b3): a sandstone masonry base; a reinforced
oconcrete section decorated with mortar quadrants; and a gallery/corridor
enclosed by reinforced concrete columns and prefabricated mortar
obalusters like those protecting the roof, formed by different terraces with
highly ornamented ceilings (Fig. 3 b1l) [Constructive Factors; Artistic
value: 2; Ornamentation: 1; Materials: 2; Carving: 1,2; Finished: 3]
[Materials Factor: Structural execution: 3].

3.2. Araxes paper mill aqueduct

The Araxes Paper Mill Aqueduct (APMA) at the (Fig. 3c) was one of the
first reinforced concrete constructions to be erected in Spain [José Eugenio
Ribera, 1903] (Ribera, 1925; Sagarna, 2010). It forms part of the Listed
Cultural Asset “Araxes Paper Mill and its hydraulic infrastructures”, classed
as a Monumental Complex with a medium protection status (Gobierno
Vasco, 2017).

The Araxes Paper Mill is located 2 km from Tolosa (Fig. 3a), in the
north-east of the Iberian Peninsula [Environmental Factor; Sea: 0]. The
aqueduct was used to drive the turbines for new machinery for making
fine paper (Ribera, 1902). The channel is 60 m in length and is divided
into five sections with a span of 12 m each. It runs across the Araxes
River and a road [Environmental Factor; water bodies surface: 3; Pollution:
3], across a 58-metre-high overpass. The straight sections are supported on
4 palisades, composed of two inclined pillars joined by braces resting on a
slab, under which there is a hydraulic masonry pile reinforced with steel
plates (Fig. 3 c1). The supports at either end of the channel are two abut-
ments built with conventional reinforced concrete walls supported on the
natural rock [Material Factor; structural execution: 0] (Fig. 3 ¢3). The
upper channel case in reinforced concrete through which the water flows
is a rectangle measuring 100 X 110 cm (Ribera, 1925) (Fig. 3 c2).

3.3. Comparison between the two constructions

The proposed methodology does not focus exclusively on the construc-
tion itself. The constructions selected for this study present a number of sim-
ilarities and differences directly related to these factors, enabling them to be
used to validate the method despite being different types of construction.

The two constructions were built in the same period (the galleries in
1917 and the aqueduct in 1903) (Sagarna, 2010). The principal construc-
tion material used is reinforced concrete, still a novelty on the Iberian
Peninsula at that time (Colegio de Ingenieros de Caminos, Canales y
Puertos de Madrid, 1982) [Construction Factor; Structure: 1]. However,
while the aqueduct is built almost entirely in concrete [Construction Factor;
Materials: 0], the galleries also include many other materials (sandstone
masonry, various mortars, bricks, ornamental rocks and ceramics)
(Madariaga et al., 2019) [Construction Factor; Materials: 2]. At the begin-
ning of the twentieth century, there were no specific building regulations
governing reinforced concrete, although construction was based on a num-
ber of patents which determined the way the work was executed. In the
case of the galleries, architect Ricardo Bastida followed a patent by Joseph
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Fig. 3. a) Geographical location of the constructions studied; b1) Ornamented ceilings in SWG of the Punta Begofia Galleries; b2) Exterior facade of the Punta Begofia Galleries
(NWG: Northwest Gallery; SWG: Southwest Gallery; b3) Detail of the construction materials in the elevation of the SWG of the Punta Begofia Galleries; c1) Detail of the
support of the Araxes Paper Mill Aqueduct (APMA) over the river; c2) Panoramic view of the APMA; c¢3) Detail of the support of the APMA on the rock slope;

d) Meteorological data for both sites (taken from Euskalmet, 2022).

Blanc (Damas Moll4 et al., 2020), while José Eugenio Rivera, the engineer
who designed the aqueduct, used his own patent to execute the structure
(Ribera, 1925). These details are fundamentally important for understand-
ing the way these structures were actually undertaken, i.e. the execution of
construction, and their current state (Damas Moll4 et al., 2020).

The horizontal structure of the Punta Begona Galleries is made of ribbed
slabs in reinforced concrete. In some areas, these are in the form of double
slabs; one structural (upper) and the other, of lesser thickness (lower),
which functions as a false ceiling. The slabs are supported by pillars, rein-
forced concrete columns and perforated brickwork. The aqueduct consists
of an empty channel case, with two edge beams on the sides and an
upper slab binding them together, and a lower slab suspended from them.
This system is supported on 4 slender double palisades which transfer the
loads through rectangular reinforced concrete supports resting on masonry
piles [Construction Factor; Artistic Value: 0; Carving: 0; Finished: 0].

The morphology and architectural style also differ. The facades of the
galleries are orientated perpendicularly to one another (allowing a compar-
ison to be made between the two) [Construction Factor; Guidance: 2]
and an eclectic style with exterior decorations [Construction Factor;
Ornamentation: 1]. The aqueduct, on the other hand, is a linear structure
[Construction Factor; Guidance: 0] with simple unornamented finishes

[Construction Factor; Ornamentation: 0]. Importantly, neither of the
constructions has undergone any significant alterations.

Another very significant difference is the use made of the two construc-
tions. While the galleries were built for private, residential use [Construc-
tion Factor; Usage: 1], the aqueduct is a civil construction that forms part
of an industrial complex [Construction Factor; Usage: 0]. Both have
suffered several decades of neglect.

There are also a number of differences and similarities between the
emplacements of the two constructions. Both structures are adapted to, or
take advantage of, features in the existing relief and are supported directly
on concrete pillars on the original solid rock — in the case of the galleries, a
coastal cliff and in the case of the aqueduct, the solid rock of the bank of the
Araxes River [Environmental Factor; Substrate: 0].

In terms of their environment, the galleries are situated in an urban,
mainly recreational, environment, with some sources of industrial pollution
(Madariaga et al., 2019) and clear influence from the coastal marine envi-
ronment [Environmental Factor; Sea: 3], as they overlook the Ereaga
beach. In contrast, the aqueduct stands in more rural surroundings and
has clearly been affected by vegetation and the action of the river flowing
under the structure. Both are in close proximity to road traffic — the galler-
ies stand beside Muelle de Ereaga street, while the aqueduct runs over the GI-
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1 0,
Alb (Splitting) APMA Pillacs 20 eeece Al
Alc (Craquele) SWG Columns in the upper terrace 2% 0000
NWG Perimeter enclosure of the upper terrace 5% 00000 NWG !
Alel (Fracture with .
loss of stability) Perimeter enclosure' of the upper terrace 5% #0000 SWG 18
SWG Facade, straight sections 25% 0000
Union between facades 25% 00000
Alell (F. without NWG Column ending 0.1% ©0000 APMA 2,5
loss of stability) SWG Column ending 0.1% 00000
Bla (Impact) SWG Columns 3% ©0000 BI
Ble (Drilling) NWG Concrete quadrants 0 00000
SWG Concrete quadrants 0 00000
B2 (Hiatus) NWG Vertical balustrade crosspieces 5% €0000
SWG Crosspieces of the corridor balustrade 5% 0000 NWG 1.14
B3 (Blistering) SWG Sandstone masonry and mortar rendering 30% 0000
BSc (Sanding) NWG Sandstone masonry 5% 0000
SWG Sandstone masonry 30% ®e0000
B6 (Peeling) NWG Sandstone masonry 5% ©0000
B7a (Flaking) SWG Sandstone masonry 15% #0000 SWG 155
NWG Concrete quadrants 25% ®0000 :
B7b (Spalling) Concrete quadrants 20% ©0000
SWG :
Columns in the upper terrace 5% €0000
B7¢ (Contour NWG Horizontal crosspieces of the balustrade 5% 0000
flaking or spalling) SWG Horizontal crosspieces of the balustrade 5% €0000
B9 (Alveolar NWG Sandstone masonry 5°f; €0000 APMA 0
weathering) SWG : Sandstqne masonry 18% 0000
Horizontal crosspieces of the balustrade 2% 0000
C2 (Discolouration) NWG Southwest-facing facade 15% 0000
NWG Facade affected by broken gutters 30% 0000 CI
. SWG Facade affected by broken gutters 30% ®0000
€3 (Damp arca) APMA Bottom part of slab (joint) 35% | eesco | NWG | 25
Support on rock 45% eee00 SWG 3
C4 (Staining) APMA Lower slab 20% 00000 APMA 2.67
NWG Balustrades and columns 7% ©0000
DIa (Black Crust) SWG Balustrades 5% ©0000 DI
D2b (Debris) APMA Inner case 17% ©0000
NWG Entire facade in general 75% (XXX o)
D2c¢ (Soot) SWG Entire fagade in general 60% e0000 NWG 1.8
APMA Entire structure in general 18% 0000
D2e (Artificial) APMA Case side 1% ©0000
NWG Concrete quadrants 10% 00000
D3 (Efflorescence) SWG Concrete quadrants 5% €0000
APMA Support on rock 9% 00000 SWG 1.6
NWG Mortar 0.1% 0000
D4a/b SWG Mortar 3% 0000
(Encrustation) Palisade (in curtain) 3% 0000
APMA — -
Lower slab joint (encrustation) 9% #0000 APMA 133
DS (Graffiti) NWG Isolated on outer facade 5% ©0000
SWG Isolated on outer facade 5% ©0000
Case 20% 00000 }
EI (Algac) APMA Foundation 22% ©0000 El
NWG Entire fagade in general 75% XXX Yo
E2 (Lichen) SWG Entire fagade in general 75% o000
APMA Case 33% eee00 NWG 2.5
NWG Masonry wall 25% ®0000
E3 (Mould) SWG Masonry wall 25% eee00
APMA Case 30% 00000
E4(Moss) APMA Case 63% ee0e0
Masonry wall 12% 0000 SWG 24
NWG Concrete quadrant planters 30% 00000
Perimeter vegetation at the base 20% ©0000
E5 (Plants and Upper terrace vegetation 20% 0000
larger organisms) Masonry wall 12% €0000
SWG Perimeter vegetation at the base 30% 0000 APMA 2.83
Upper terrace vegetation 15% ©0000
APMA Case 30% 00000

Fig. 4. Alterations in the Fagades and Alteration indexes of the Punta Begoiia galleries (NWG: Northwest Gallery; SWG: Southwest Gallery) and Araxes Paper Mill Aqueduct
(APMA) according to the classification matrix by Damas Moll4 et al. (2018) (ASA: Area of Structure Affected; Al BI, CI; DI, EI AL BI, CI, DI, EI: Alteration indexes, description
in text).
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Fig. 5. Main alterations in the facades of the Punta Begofa Galleries located on the point cloud of: a) NWG (Northwest Gallery); al) Alel: fracture without loss of stability,
breakage, of the upper part of the column; a2) B6: peeling of masonry sandstones; a3) B7c: contour flaking of plastering mortar of balustrade crosspieces; a4) B7b: spalling of
decorative plaster mortar of concrete quadrants of intermediate section; a5) E5: plants on roofing; a6) B2: hiatus in balustrade crosspieces; a7) D2c: soot on facade, columns
(orange circles); a8) D1a: black crusts on sides of balustrade crosspieces in the gallery corridor; and b) Southwest Gallery (SWG); b1) B3: blistering in masonry wall
sandstones; b2) B9: alveolar weathering in sandstones of masonry wall; b3) D4 a: calcium carbonate encrustations in curtain walls caused by degradation of the mortar
used in the masonry; b4) C3: darkening from damp area on the curved facade of the SWG; b5) Alell: fracture with loss of stability (SWG); b6) Alc: cracking of plastering
mortar of the intermediate concrete wall; b7) D3: white efflorescence on reinforced concrete of the intermediate quadrants; b8) E2/E3: bioalteration from lichen and
mould. (Degree of effect: OOOOQ: no ASA; @OOO0: <10 % ASA; @@OOO: 10 % to 25 % of ASA; @@@OO: 25 % to 50 % of ASA; @@@@O: 50 % to 75 % of ASA;

00000: 21l ASA) (based on Damas Moll4 et al., 2018).

2135 main road, which supports heavy traffic [Environmental Factor;
Pollution: 3]. More generally, both constructions are in an Atlantic climate
zone and therefore have a broadly similar climate. A priori, however, the
open location of the galleries overlooking the sea, as compared to the closed
valley of the aqueduct might result in differences in terms of the effects of
meteorological agents. Fig. 3d shows some meteorological information
for both locations obtained from the Basque Meteorological Agency
(Euskalmet) (Euskalmet, 2022).
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4. Results: application of methodology

The process used for obtaining the AFV diagrams for each of the facades
of the Punta Begoiia Galleries (NWG and SWG) and for the Araxes Paper
Mill Aqueduct (APMA) is set out below.

The first step involves characterising the alterations (A) in the two
constructions. Fig. 4 shows the data obtained and specifies the location
and area of the structure where each of the alterations was recorded, as
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Fig. 6. Main alterations in the Araxes Paper Mil Aqueduct (APMA): a) Side view of the aqueduct; b) A1b: splitting; ¢) C3: darkening from damp zone in the support with the
rock; d) C4: Staining of concrete due to degradation of metal reinforcement at the base of the case; e) E2 and E4: lichen and moss on the case; f) D3: efflorescence in the area of
support with the rock; g) E1 and E2: algae and lichen at the base of the palisades above the river; h) D5: graffiti on pillar; i) D4a: encrustation in curtain on palisade; j) E5:
creeper-type plant on palisade; k) D2b: debris inside case; 1) D4b: macaroni-type encrustations in the bottom joint of the case (Degree of effect: OOOOQ: no ASA; @ OOOO:
<10 % ASA; @@0O0O: 10 % to 25 % of ASA; @@@OO: 25 % to 50 % of ASA; @@@@O: 50 % to 75 % of ASA; @@@@®: all ASA) (based on Damas Molla et al., 2018).

well as the percentage of the Area of the Structure Affected by this alter-
ation (ASA), and the degree thus calculated. A significant number of vary-
ing alterations were recorded in both constructions. Some examples of
the most representative ones are shown in Figs. 5 and 6. Using the data
on degree and by quantifying the number of alterations of each main
type, the alteration indexes (AL BI, CI, DI and EI) are calculated, based on
Formula (1). The calculation of the three A-type alteration indexes (Al) is
presented below as an example. In the APMA, 2 records of type A alter-
ations have been recorded, in the pillars and in the slab. According to the
relationship established between the percentages of ASA and the degree,
a total of 5 scores (3 in the pillars and 2 in the slab) were recorded. The
Al of the ASA established is 2.5 and is calculated by dividing the total num-
ber of scores by the number of records of alterations of this type, therefore,
5 by 2. In the case of the SWG, a total of 5 records have been recorded, in
the columns of the upper terrace; in the perimeter enclosure of the upper
terrace; in the facade, straight sections; in the union between the facades;
and, in the column terminations. In this case the total number of degree
scores is 9 (two records have a degree of 3 and three records have a degree
of 1). Therefore, the IA of the SWG is 1.8. The NWG records 2 records in
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total, in the perimeter enclosure of the upper terrace and column ending.
The sum of scores is 2, one for each record. Therefore the Al in this case
is 1. The results obtained (Fig. 4) are projected on each of the radii of the
pentagons in the AFV diagram (Fig. 7).

The following vulnerability matrix shows the data obtained after
weighting the different factors (F) using the cases proposed in Table I in
the case of the two facades of the Galleries (NWG and SWG) and in the
case of the APMA. Using these data, the Vulnerability Indices were calcu-
lated based on the Factors (Fcm or nVI) and the Global Vulnerability
Index (VgI) (Fig. 2). The results obtained were projected onto the corre-
sponding blocks of the AFM diagram (Fig. 7). In the case of the facades of
the galleries, by superimposing the results, it is also possible to make direct
comparisons between the two areas of the construction (Fig. 7).

The AFV diagram (Fig. 7) allows relationships to be established between
the different indexes, based on the vulnerability of the construction and/or
each part of the construction. In the case of the Punta Begona Galleries, the
alteration pentagon shows a larger shaded area in the SWG than in the
NWG; the overall degree of alteration of the SWG is slightly higher. Even
so, the alteration indexes obtained for both facades fell within the
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Fig. 7. AFV diagram obtained in the two construction analysed. Punta Begofa Galleries (NWG: Northwest Gallery; SWG: Southwest Gallery) and Araxes Paper Mill Aqueduct
(APMA). (AL BI, CI, DI, EI: Alteration Indexes; FcVI: Vulnerability index according to Construction Factors; FyVI: Vulnerability Index according to factors intrinsic to the
materials; FyVI: Vulnerability Index according to Natural Factors; VgI: Global Vulnerability Index).

‘moderate alteration’ range. In both cases, the types of alteration showing
most effect are those of Category C (chromatic alteration) and E
(bioalterations). The indexes of type A (crack) and type B (mechanical dam-
age and detachment) alterations are also slightly higher in SWG. The blocks
of indices of factors affecting vulnerability (FVI) also fall within the moder-
ate range; the greatest difference is found in the values obtained in the FcVI
(22 for the NWG and 26 for the SWG). The other two indexes show similar
values but are slightly higher for SWG (24 and 25 for F,VI) (20 and 22 for
FnVD). The ViI of the NWG (48.89 %) stands within the moderate range,
like the other partial indexes associated with the factors. However, when
taking into account the factor indexes of the SWG as a whole, the Vgl is
higher, standing within the ‘high’ range (54.07 %).

The APMA has a different distribution of alteration indexes to the Punta
Begoiia Galleries (Fig. 7). Although also within the moderate range, they
are somewhat higher, verging on the ‘high’ range, especially those of alter-
ation category A (cracks), which has a value of 2.5. It is also worth noting
the lack of type B alterations (mechanical damages and detachment). As
in the case of the galleries, the blocks representing the vulnerability indices
with regard to the main factors (FVI), stand within the moderate range, but
with lower values in the first two (11 for FcVI and 16 for FyVI) and some-
what higher in that obtained for FyVI (24). The value obtained for the
Global Vulnerability index of the APMA is moderate (37.78 %), also
lower than those of the facades of the Punta Begoiia Galleries.

5. Discussion

The following are some of the main aspects of the data obtained for the
Punta Begofia Galleries:

Type A (crack) alterations have developed mainly in the SWG
(Fig. 5 b5). Consequently, the highest values of FcVI were also obtained
in this area.

Type B alterations, such as detachments, are caused by an interaction
between factors intrinsic to the materials and natural factors, especially
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weather impacts. In this regard, the texture, composition and compatibility
of the different materials of the galleries influences the degree of
weathering they suffer. The main alterations of this type recorded are of
type B5 (disintegration) in the sandstones of the masonry section (Fig. 5
b1), and of type B7b (spalling) (Fig. 5 a4), in the concrete quadrants,
where the covering mortar is spalled. The materials used in the two facades
are similar and for this reason, the values obtained for F y; VI in NWG and
SWQG are also similar. The FyVI is also similar in the two study areas, mainly
due to the climate of the area in which the galleries are located: a
mesothermal Atlantic climate, with mild temperatures and very high rain-
fall (Euskalmet, 2022). However, the index is higher in SWG. This is due
to the orientation of the facade itself leading to greater intensity of some
weather impact factors, aerosols, pollutants (Madariaga et al., 2019) and
exposure to sunlight.

For type C alterations (Chromatic), the CI of SWG is higher than that of
NWG. In the galleries, this type of alteration is caused by breakage and lack
of maintenance. In the case of NWG, clogged and/or broken guttering sys-
tems were recorded throughout the facade. In addition, due to its orienta-
tion, this facade receives fewer hours of direct sunlight, so damp areas
remain damp over time. In SWG, the Type C3 alteration (darkening due
to damp areas) (Fig. 5 b4), is largely concentrated in the curved portion
of the facade. The main factors involved are the morphology of this part
of the facade, the hours of sunlight (FyVI) and, above all, the condition of
maintenance of the roof (FcVI).

The DIs of both fagades are in the medium range and are similar for the
two fagades; type D alterations are mainly deposits of exogenous materials,
primarily soot (Fig. 5 a7), accumulated as a result of the proximity of road
traffic. In some specific areas, there is also some shrinkage due to degrada-
tion of the rendering mortar of the masonry wall (Fig. 5 b3) or the concrete
of the structure itself. These types of alterations are therefore related to the
three main types of factors analysed, especially the last two (FyVI and
FnVI). The same is true of EI; the range obtained is somewhat higher in
NWG because of the vegetation on the roof (Fig. 5 a5). This type of
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alteration is also the result of lack of maintenance and the climate of the en-
vironment.

In the case of the results obtained for the Araxes Paper Mill Aqueduct
(APMA) the chief aspects are as follows:

The highest value is for Al alteration index (type A, cracks). These alter-
ations are of splitting type (Alb), caused by degradation of the concrete re-
inforcement and loss of its covering (Fig. 6b). An analysis of the FVI results
indicates that this corrosion is not only due to construction factors or the
construction material itself, since both the F;VI and the FyVI stand within
the moderate range. This alteration has been generated by a conjunction of
both, which is also intensified by the natural conditions to which the struc-
ture is subjected (FyVI moderate).

Bioalterations (type E alterations) are the second highest type of index
and stand in the medium range. This type of alteration is caused by the
rural environment in which it is located (FyVI) and lack of maintenance
of the structure (FcVI). All kinds of bioalteration, algae and lichens have
been recorded, mainly at the base of the pillars (Fig. 6g) and moss, mould
and plants at the top of the case (Fig. 6e).

Alterations of type C (Chromatic Changes) are not very significant in this
construction. In general, they may be related to others of greater incidence
such as the orange staining (C3) related to degradation of the reinforcements
(Fig. 6d). In some areas there is also darkening due to constant damp (C3)
(Fig. 6f). This is to be expected, given that the construction under study is
an aqueduct and is mainly the result of lack of maintenance.

The type D alterations (deposits) are basically deposits of exogenous
materials, mainly of soot type, on the surface, as a result of the heavy
road traffic under this structure. This type of alteration shows the relation-
ship between natural and environmental factors and vulnerability. In this
case the FyVI is the highest. Numerous calcium carbonate encrustations
have also formed, (Fig. 6f, i); the factors intrinsic to the materials and con-
struction factors are mainly responsible for their formation, since they are
recorded in the area of the joins between slabs, but the humid environment
typical of the surrounding Atlantic climate also plays a role. Proper mainte-
nance of the structure would contribute to reducing many of these alter-
ation indexes. Regarding the value obtained for FcVI, the generally good
state of the structure is noteworthy, bearing in mind its age and the lack
of regulatory standards on concrete construction at the beginning of the
century. The low FyVI result is also notable, but this is due to the use of a
single construction material and the simplicity of the structure itself, with
straight lines, in contrast to the Punta Begofia Galleries.

6. Conclusions

The use of the AFV diagrams in context, both with the construction and
with its emplacement and environment, allows a precise assessment of
Global Vulnerability in Cultural Built Heritage.

The methodology designed has been applied to two early twentieth-
century reinforced concrete heritage buildings in the Basque Country: the
Punta Begona Galleries (Getxo), where two facades with perpendicular ori-
entations (NWG and SWG) were analysed, and a work of civil engineering,
the Aqueduct of the Araxes Paper Mill (APMA) (Tolosa). In summary, in
each of the constructions, we established: 1) the type of predominant alter-
ations with the alteration indexes; 2) the factors involved in its deteriora-
tion; and 3) its vulnerability. All this information has been synthesised in
the AFV diagrams for each construction, which could then be compared,
taking the specific context of each one into account.

In this study, we have chosen to concentrate on heritage elements in re-
inforced concrete, since this type of constructions presents an additional
vulnerability, namely a lack of social and cultural awareness of the impor-
tance of these assets (ICOMOS, 2014). A comprehensive diagnosis of
construction methods and state of preservation is indispensable for
revitalising historic concrete buildings (Custance-Baker and Macdonald,
2014; Heinemann, 2008; Heinemann, 2013; Heinemann et al., 2010;
ICOMOS, 2014). Nonetheless, the methodology presented here could also
be used in constructions made from other materials.
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As regards the study of alterations, we have used the alteration charac-
terisation matrix of Damas Moll4 et al., 2018 which is based on ICOMOS
(2010). On this occasion, these alterations have been further quantified
using the alteration indices with respect to the percentage of the area of
the structure affected.

In establishing the factors involved in the vulnerability of constructions,
which are responsible for alterations, it is essential to extend the study to
both the emplacement and the environment; a construction should not be
analysed in isolation. In this regard, the data obtained in the AFV diagrams
of the Punta Begofia Galleries and the Aqueduct of the Araxes Paper Mill
show that there is no single factor involved. All the factors implicated in
vulnerability (including construction factors, factors intrinsic to the mate-
rials, natural factors and environmental factors) interact with one another.
One of the key points of the proposed methodology, therefore, is this possi-
bility of directly relating the main types of alteration with the factors
involved in the vulnerability of each area or construction under study.

The indexes established for each parameter of the AFV diagram allow it
to be quantified and represented in graph form, facilitating interpretation
of the results. In this case, by selecting construction elements with differ-
ences it has been possible to demonstrate that the use of the same scales
allows analogous comparisons to be made, not only between different
construction elements (application of the methodology was validated in a
residential building and in a civil engineering structure), but also between
different areas of the same construction.

The methodology presented is systematic and, most importantly, repli-
cable in different contexts. Moreover, it allows direct comparisons to be
made between different areas of the same construction and between differ-
ent constructions, through superimposition of the AFV diagrams. The vul-
nerability analysis, based on the main factors presented, and the parallel
characterisation and quantification of the alterations found, offers key in-
formation for an initial approximation of the real state of a construction
or study area. Using this information, it is possible to plan and prioritise
the actions required to mitigate this vulnerability. In addition, by establish-
ing which factors have the greatest impact on this vulnerability, other more
detailed specific studies can be launched.
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